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Introduction
Seasonal fluctuations in circulating concentrations of reproductive hormones have been described for various mammals (e.g. see Lincoln, 1981) . In the present study, changing concentrations of gonadal steroids in plasma from male and female California ground squirrels (Spermophilus beecheyi) were measured throughout their annual cycle by radioimmunoassay (RIA) using killed, wild-caught individuals. Monthly mean values of circulating testosterone and total oestrogens grouped by age and sex of S. beecheyi are presented. Seasonal changes in plasma concentrations of these hormones are related to concurrent plasma concentrations of prolactin and progesterone in the same individuals.
Materials and Methods

Animals
The study was conducted on the lower campus of the University of California at Santa Cruz (UCSC) (37°N, 122°W; Santa Cruz County, California; mean elevation 120 m). This is an area of open, rolling grassland, grazed for 4-8 weeks each year by domestic cattle. For a detailed description of the study area, see Holekamp & Nunes (1989 Descriptions of the annual cycles of reproduction and dormancy in the S. beecheyi population at UCSC are given in Holekamp et a!. (1988a) and Holekamp & Nunes (1989) . Mating occurs in February and early March, followed by a 25-30-day gestation period (Grinnel & Dixon, 1918;  Edge, 1931) and a 5-6-week lactation interval. Adults of both sexes aestivate each year from summer to autumn, but juveniles remain surface-active from weaning to the end of their first breeding season. The animals used in this study were collected from colonies peripheral to those in our primary UCSC study area where free-living individuals of S. beecheyi have been intensively observed and their blood sampled regularly via femoral venepuncture (Holekamp et ai, 1988a, b; Holekamp & Nunes, 1989 (Korenbrot et ai, 1977) and scrotal sac pigmentation. Immediately after being weighed and examined, all animals were killed by decapitation and their trunk blood was collected for hormone assays. The mean time between capture and death was 1-6 (±0-4)h.
In males, the right testis and epididymis were dissected out and the testis length was measured with calipers. Epididymal contents were examined under a light microscope and the presence of mature spermatozoa was recorded. In females, the entire reproductive tract was dissected out and opened for counting placental scars and/or embryos, as described by Tomich (1962) . Females whose uterine horns exhibited only one set of placental scars were considered primiparous, whereas those whose uteri exhibited > 1 set of scars were considered multiparous (Tomich, 1962) Reproductive status
The trapped animals were assigned a reproductive status according to the following criteria. ( I ) Mating females (n = 1) had copulatory 'plugs' in their vaginae and/or their vulvae were swollen, perforate, moist and turgid, as described by Fitch (1948) and Tomich (1962) . Data (Fitch, 1948 (Holekamp & Nunes, 1989) , prior live-trapping records and/or appearance of the reproductive tract, according to Tomich (1962) . 'Juveniles' were individuals that appeared to have been born within the previous 12 months, ' Testosterone assay. Testosterone was extracted from 100 µ plasma samples in 15 volumes of hexane:benzene (2:1). Aqueous phase separation was accomplished by freezing and decanting each sample. Extraction efficiency was evaluated using stripped plasma samples spiked with 1 ng and 5 ng testosterone/ml prior to each extraction. Mean extraction efficiency was 95-2% for 5 ng/ml samples and 96-5% for 1 ng/ml samples (n= 12). Standard curves were constructed from RSL standards of 01, 0-25,0-5, 10, 2-5, 5, and 10 ng testosterone/ml. Quality control tubes contain¬ ing extracted samples of 5 and 1 ng testosterone/ml were run with each assay. Tracer was 125I-labelled testosterone, diluted with assay buffer to yield 10 OOOc.p.m. in 200 µ .
Fifty µ of standards, unknowns, or controls were added to 50 µ buffer, 200 µ tracer, 500 µ primary antibody (diluted 1:4 000000), and 100 µ sex-binding globulin inhibitor (RSL). These reagents were vortexed, and incubated together for 2 h at 37°C. Then 100 µ of goat anti-rabbit gamma globulin (GAR) diluted (1:7) in assay buffer was added to each tube and vortexed. After a second incubation for 1 h at 37°C, all assay tubes were centrifuged at 1000 g for 15 min, supernatants aspirated and radioactivity in précipitants measured in an Iso-Data 20/20 series gamma counter.
Mean nonspecific binding in 12 assays was 8%. The intra-assay coefficient of variation in this assay was 4-2%. The interassay coefficient of variation was 6-8% for 1 ng testosterone/ml, and 7-0% for 5 ng testosterone/ml. Assay sensitivity was 0-25 ng/ml. 7 / oestrogens. Oestrogens were extracted from 0-6 ml plasma in 6 ml ethyl acetate:hexane (3:2). After vigorous shaking for 2 h, 500 µ samples were drawn from each tube, lyophylized and reconstituted with 1 ml assay buffer. Duplicate 0-5 ml aliquots were used for assay samples. Mean extraction efficiencies, estimated from stripped plasma aliquots spiked with 10 and 50 pg oestradiol-17ß/ml were 801 and 87-9%, respectively.
Standard curves were constructed from standards of 3-9, 7-8, 15-6, 31-3, 62-5, 125, 250, 500 , and 1000 pg oestradiol-17ß/ml. Quality control tubes containing extracted samples of 20 and 100 pg oestradiol-17ß/ml were run with each assay. Tracer was 125I-labelled oestradiol-17ß, diluted with buffer to yield 10000c.p.m. in 100µ . Five hundred ml of standards, unknowns, or controls was added to 100 µ primary antibody, vortexed, and incubated for 24 h. One hundred ml tracer was then added, and the tubes were vortexed and incubated for a further 2 h. One hundred µ GAR (diluted 1:7) were added, tubes vortexed, and incubated for 1 h. All incubations in this assay were performed at room temperature (22-25°C). Tubes were then centrifuged, supernatants aspirated and pellets counted.
Mean nonspecific binding in 7 assays was 7-7%. The intra-assay coefficient of variation was 6-9%. The interassay coefficient of variation was 12-6% for 20 pg/ml, and 10-8% for 100 pg/ml. Assay sensitivity was 7-8 pg/ml. Progesterone and prolactin. Methods for the progesterone RIA were as described by Holekamp et ai (1988b), those for the prolactin assay as described by Thordarson et al. (1987) . Mean sensitivity of the progesterone assay was 0-10 ng/ml. Coefficients of variation between assays for 4 sets of control tubes ranged from 10 to 12-5%. Coefficients of variation within progesterone assays were 3-7%. Mean sensitivity of the prolactin assay was 0-21 ng/ml. The intraassay coefficient of variation ranged from 2-3 to 5-9%. Coefficients of variation between prolactin assays ranged from 13-6 to 14-9%.
Statistical analysis
Data were expressed as means + standard errors (s.e.m.), and comparisons of data grouped by age class or reproductive status were evaluated using analysis of variance (anova; Keppel, 1973) . Mean differences between the 2 male reproductive status groups were evaluated with 2-tailed Student's t tests. Mean differences between the 4 female groups were evaluated with Tukey's Critical Range (TCR) tests, as were differences between months for each age-sex group comparison for which omnibus F values were significant. Mean differences were considered significant when < 005.
Results
Concentrations of testosterone in plasma of males peaked in January and were already declining when mating occurred in February and early March (Fig. la) . Although mean testosterone concen¬ trations in adult males tended to be higher than those of juvenile males during the latter group's first breeding season, no significant differences occurred between male age groups during the months in which both groups were concurrently surface-active ( Fig. la: F = 2-349 ; 9 = d.f.; > 005). In females, testosterone concentrations were low throughout the year and no significant differences were found between months, or between adult and juvenile females (Fig. lb: F =1 -288 Testis length, sperm production, and plasma concentrations of testosterone and prolactin showed clear fluctuations in the adult males during their 8-month period of surface activity (Fig. 2) . Plasma testosterone concentrations were low and the testes were small when adults emerged from aestivation in November and December. These measurements were similarly low when males reentered aestivation the following June. Although none of the adult males examined late in the active season had mature epididymal spermatozoa, epididymes from~50% of the males examined on emerging from aestivation contained mature spermatozoa. This suggests that spermatogenesis begins before males emerge from aestivation in 5. beecheyi, as in S. lateralis (Barnes et ai, 1986) . All adult males examined in January, when plasma testosterone concentrations were highest, had mature epididymal spermatozoa, as did all males examined during the February-March mating period, when testosterone concentrations were declining (Fig. 2a) (Fig. 3) . None of the juvenile males examined exhibited either preputial separation (Korenbrot et ai, 1977) or mature epididymal spermatozoa until they had been surface-active for at least 6 months (Fig. 3a) . However, in September, juveniles had testosterone concentrations significantly higher than those trapped in July or October (Fig. 3b : F = 7-349; 8 = d.f.; < 005; TCR = 0-69). Thus juvenile males exhibited a transient rise in tes¬ tosterone concentrations in August and September, followed shortly by increases in testis length, preputial separation and occurrence of mature epididymal spermatozoa (Fig. 3a, b) . Mean plasma testosterone measured in juvenile males trapped in January was also significantly higher than in December. By January, males born the preceding spring were indistinguishable from older males by any of the measurements presented in Fig. 3 (Fig. 4) . Mean size of the current or most recent litter in killed females, as indicated by embryo or placental scar counts, was 6-7 ( + 0-3; = 26) for primiparous animals and 7-9 (±0-3; = 47) for multiparous females (F = 2-31; 71 = d.f.; = 0082).
In wild-caught adult females, circulating concentrations of oestrogen, progesterone and pro¬ lactin were low when adults first emerged from aestivation in December (Fig. 5) Fig. 6a, d ). Progesterone and prolactin concentrations were higher in mating females than in nonreproductive females. Both were highest during pregnancy and lactation. By contrast, oestrogen concentrations peaked during mating. Plasma testosterone concentrations were significantly higher in pregnant females than in those in other reproductive conditions. Mean adult male plasma values for testosterone and prolactin were significantly higher (P < 005, 2-tailed Student's / test) in reproductively active than in other individuals (Fig. 6e, f (Siwela & Tarn, 1981) . In those species, male testosterone profiles are similar to those described here for S. beecheyi in that testosterone concentrations peak shortly before or during the mating period. Prolactin concentrations in free-living adult and juvenile S. beecheyi during the breeding season have been published previously (Holekamp et ai, 1988a) , as have those for plasma progesterone in females (Holekamp et ai, 1988b) . Earlier, data showed that peak prolactin concentrations in freeliving male S. beecheyi occurred in March, immediately after mating activity ceased (Holekamp et ai, 1988a) . Peak plasma prolactin concentrations in males did not differ significantly from peak (lactational) prolactin concentrations in female free-living animals. We suggested previously (Holekamp et ai, 1988a ) that high circulating prolactin concentrations in males might suppress copulatory behaviour and inhibit testis function, as they appear to do in rams (e.g. Almeida & Lincoln, 1984) . Our present data on testosterone concentrations, testis length and sperm production support this hypothesis.
Plasma testosterone concentrations in male S. beecheyi exhibited a well-defined cycle of change, peaking in January. The pattern of changing testis length we observed in 5. beecheyi has been described previously for this species (Tomich, 1962) and for other ground squirrels (Spermophilus tridecemlineatus; Wells, 1935; Morton & Gallup, 1975; S. beldingi, Bushberg & Holmes, 1985; S. lateralis, McKeever, 1964; Kenagy, 1980) . The period of greatest testis length in S. beecheyi was similar to that reported for other ground-dwelling sciurids (e.g. Kenagy, 1980) . Testicular recrudescence is initiated before emergence from hibernation in other ground squirrels (Davis, 1976;  Kenagy, 1980; Bushberg & Holmes, 1985; Barnes, 1986; Barnes et ai, 1986) , and this may occur in 5. beecheyi. However, many UCSC males still had small testes when they emerged from aestivation in the autumn and recrudescence continued from November to February. This interspe¬ cific difference might be related to the fact that male S. beecheyi can be surface-active for up to 4 months between emergence and mating (Holekamp & Nunes, 1989) , whereas males of other species only emerge a few days to a few weeks before mating (Michener, 1984) .
We do not know of any other data describing variation in circulating oestrogen concentrations in sciurid rodents. Our data suggest that, as in common laboratory species, peak oestrogen concen¬ trations in females of 5. beecheyi occur during the brief (~5 h: Holekamp & Nunes, 1989) period of behavioural and morphological oestrus. Therefore, oestrogens probably have an important role in the mediation of these events in S. beecheyi, as in other mammals (e.g. Hart, 1971; Zemlan & Adler, 1977; Feder, 1981 Soares & Talamantes, 1982) . Testosterone and prolactin concentrations varied with reproductive condition in males. Data presented here for nonreproduc¬ tive males and females are not comparable, as they were collected in different months.
The differences between months in mean plasma concentrations of progesterone and prolactin found in killed animals were similar to those observed in the adjacent population of free-living individuals (Holekamp et ai, 1988a, b) . Circulating oestrogen concentrations in free-living animals were not measured because the volume of plasma required for the RIA was larger than the total plasma volume obtained via femoral venepuncture from wild S. beecheyi in earlier studies (Holekamp et ai, 1988a, b) . Mean peak progesterone concentrations in killed females were slightly lower than those in free-living animals (Holekamp et ai, 1988b) . The prolactin peak in the former group continued into May (Holekamp et ai, 1988b) , but plasma prolactin concentrations in our free-living squirrels were already declining in May. We suggest these differences might be related to differences between colonies with respect to the precise timing of reproduction; i.e. although a high degree of reproductive synchrony was observed within each monitored S. beecheyi colony at UCSC, there appeared to be substantially less synchrony between colonies. For example, in trapping concurrently in early April 1985 at 2 colonies separated by only 400 m, 4 of 5 females from one colony were already lactating whereas 5 of 6 females from the others were still pregnant.
Although samples were small, significant transient increases in circulating gonadal steroid concentrations in juveniles of both sexes were observed in autumn 1984, 5-7 months after their births. Subsequent changes in 2 morphological indicators of male reproductive maturation, prepu¬ tial separation and mature epididymal spermatozoa, suggested that the male testosterone 'pulse' in September might be functionally related to puberty as are brief rises in circulating gonadal steroid concentrations in other mammals (e.g. Goldman, 1981 November, 1984, no unambiguous morphological indicators of reproductive maturation in females were monitored. S. beecheyi of both sexes at UCSC partici¬ pated in mating activities when they were 11-12 months old (Holekamp & Nunes, 1989) . By the start of the first mating season after their births, neither juvenile males nor females differed signifi¬ cantly from same-sex adults with respect to plasma concentrations of oestrogen or testosterone.
